Summary.-Spore walls of a sputum-derived isolate of Aspergillus clavatus yielded mutagen(s) when their extracts were fractionally precipitated with ethanol following alkaline hydrolysis. After spores were given by nasal inoculation to 6-8-week-old CF-i mice, light and electron microscopy of lung sections showed that they had been readily phagocytozed by the polymorphonuclear leucocytes and alveolar macrophages mobilized during early allergic alveolitis in immunized mice. The formation of phagosomes was followed in thioglycollate-stimulated peritoneal macrophages grown in vitro. Unimmunised mice showed a comparable lung reaction, attributed to pulmonary mycotoxicosis, and revealed a rising incidence of lung tumours, from 25% at 2 months from inoculation, to 27.3% at 6 and to 55.5o% at 8. Mean numbers of tumours per lung rose from 1-0 to 2-2. Total tumours, including lymphomas, reached a final incidence of 77.7o% at 8 months, when control animals were tumourfree. Tumour development correlated with the retention of apparently intact spores within giant cells probably derived from aggregates of alveolar macrophages. The implications of these findings in the light of the known history of human exposure to such spores is discussed.
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Aspergillus clavatus is an allergenic and mycotoxic fungus, which, when inhaled as air-borne conidia (spores) released from contaminated barley malt is known to cause extrinsic allergic alveolitis in maltworkers (Riddle et al., 1968; Channell et al., 1969; Grant et al., 1976; Blyth et al., 1977) . The disease can be induced experimentally in non-sensitized, sensitized precipitin-negative and sensitized precipitinpositive mice (Blyth, 1978) . It is common practice to incorporate a number of byproducts arising during the course of the malting process into cattle fodders. Components such as grist and flour from heavily contaminated maltings have been known to yield high plate counts of the fungus in culture (Lloyd, 1969) . Forgacs et al. (1954) and Forgacs & Carll (1962) attributed haemorrhagic syndrome in poultry and hyperkeratosis in calves to ingestion of the fungus, and Moreau & Moreau (1960) recorded instances of incoordination and hepatic degeneration in cattle after a feed of affected cereal seedlings. In the Transvaal, a fatal tremorgenic disease in cattle involving the deaths of 130 out of a herd of 330 followed ingestion of a ration of contaminated sorghum beer residue (Kellermann et al., 1976) . The almost invariably fatal Reyes syndrome in young children in the Far East has been reported to follow the ingestion of mouldy glutinous rice, and A. clavatus is probably the main organism concerned in the synthesis of the causal mycotoxins (Glinsukon et al., 1974) . The mycotoxins identified from cultures of the fungus grown under a variety of different environmental conditions and on different substrates, include patulin (Bergel et al., 1943) escladiol (Suzuki et al., 1971 ) cytochalasin E (Glinsukon et al., 1974) and 2 tremorgens, tryptoquivaline and tryptoquivalone (Glinsukon et al., 1974; Clardy et al., 1975) . Intraperitoneal injections of spore sus-pensions or killed mycelium have been shown to provoke hyperplastic liver nodules in mice, and ingestion of inoculated barley to induce hyperkeratosis (Blyth & Lloyd, 1971) .
The following paper outlines the results of further investigations on experimental murine respiratory disease, provoked by the observation that, during early investigations of maltworkers, volunteers were found to remain sputum-positive for the fungus for at least 1 month after a single exposure to the air of a maltings whilst contaminated malt, releasing spores of the fungus, was being turned (Channell et al., 1969) . The work was designed to investigate the long-term effects of intranasal inoculations on the mouse lung.
MATERIALS AND METHODS
Sources of Aspergillus clavatus.-During a survey of respiratory disease in Scottish maltworkers (Blyth et al., 1977) Some cultures were also grown in 11 Roux bottles on Czapek Dox/Casein hydrolysate medium supplemented with 2% Davis agar and were kept in darkness at 26°C for 10-14 days. Spores were harvested into sterile PBS by rubbing with a smoothed glass rod and the saline suspension was filtered through sterile gauze to remove fragments of mycelium and conidiophores. The spores were pelleted by centrifugation and washed x 3 by centrifugation in fresh aliquots of sterile PBS.
Chemical extraction of spores.-Aliquots of 3 ml of concentrated spore suspension were placed in 100 x 16 mm round-bottomed culture tubes (Sterilin, Teddington, Middx) to each of which was added a sample of acid-washed 40-mesh glass beads. The tubes were capped and run at full speed on a Griffin flaskshaker (Griffin & George, Middx) for 30 min, ensuring cell breakage of at least 95%. Intracellular spore extract was separated from cell debris and beads by centrifugation and concentrated 5-fold by ultrafiltration with a UM2 filter. Crude cell walls were separated from glass beads by shaking in sterile PBS and decantation. They were pelleted and washed by centrifugation and sequentially extracted according to the method described by Blyth (1978) . The method involved delipidation using chloroform:methanol, 1: 1(v/v), digestion with trypsin and DNAse and hydrolysis in 3% NaOH at 100°C for 6 h. After centrifugation at this stage, the supernatant hydrolysate was fractionally precipitated with ethanol in the ranges 0-40, 40-60 and finally 60-80%. The precipitates were collected by centrifugation at 10,000 g, each being resuspended in distilled water and extensively dialysed over a period of 3 days. The hydrolysed cell walls were partially solubilized in 72°% sulphuric acid for 48 h at 25°C. After centrifugation, the supernatant was neutralized and dialysed against distilled water.
Macrophage culture and phagocytosis.-Populations of stimulated macrophages were induced to aggregate in the peritoneal cavities of CF-i mice by single i.p. injections of 1.5 ml fluid thioglycollate medium (Difco Laboratories, Detroit, Michigan, U.S.A.) The stimulated cells were withdrawn in sterile PBS after an interval of 4 days, according to the method of Wasley & John (1972 (Ohanian et al., 1973 Three drops of spore suspension in sterile PBS were given by nasal inoculation on each of 4 successive days to mice lightly anaesthetized by ether. Each animal received a total dosage of 5-6 x 105 spores. All animals were killed 24 h after the last inoculation.
A further 28 female animals were given an identical schedule of inoculations for longterm assessments of pulmonary disease. Eight animals were killed at 2 months, 11 at 6 months and 9 at 8 months. Twenty control, untreated mice were examined for tumours at 9-10 months of age.
Hi8tology.-Lungs were excised after preliminary irrigation with phosphate-buffered 10% formaldehyde (pH 7-0) given by intratracheal instillation. After dehydration and embedding, serial sections were cut and routinely stained with haematoxylin and eosin. To allow visualization of fungal elements, some sections were stained by the Gomori-Grocott methenamine-silver nitrate method (Grocott, 1955) 
RESULTS

In vitro phagocytosis and animal inoculations
Twenty-four hours after the schedule of nasal inoculations with fungal spores, the lungs of both immunized and unimmunized mice showed severe perivasculitis and peribronchiolitis. In addition to widespread infiltration of alveolar septa by inflammatory cells, numerous and sometimes extensive areas of alveolar filling were randomly distributed in the parenchyma of most lobes. The histology accorded with that of Grade 5 A. clavatusinduced allergic alveolitis as described by Blyth (1978) and was clearly the most severe yet seen in unimmunized mice, in which isolate 301 had not previously been used. No differences in severity were observed between males and females.
Most inflammatory exudates in immunized animals were predominantly of macrophages, polymorphonuclear cells being more abundant in the lungs of the unimmunized. From the electron microscopy of cells obtained from lung washings (Fig. 1 ) from thin sections of lung tissue (Fig. 2) and from peritoneal cells grown in vitro (Figs 3 & 4) phagocytosis by both polymorphonuclear leucocytes and macrophages was readily identifiable. The spores were contained in phagosomes delimited by unit membranes from the surrounding cell contents, which showed good resolution of most organelles: nucleus, mitochondria, Golgi apparatus and endoplasmic reticulum. Most phagosome membranes were closely appressed to the engulfed spores, but rare cases of "loose" phagosomes were seen, in which a wide electronlucent area lay between membrane and spore wall (Fig. 1) . Phagocytozed spores, observed at high magnification, were seen to have a 3-4-layered wall, the outermost layer showing as a thin, electrondense covering (Fig. 4) . The organelles of the spores were variably preserved. In some phagocytes, vacuolar bodies showing complexes of unidentified lamellate material were clearly visualized. Lung cultures taken at this stage were usually positive for the fungus.
Information from all the remaining animals of the experiment is summarized in Table 1 . Two months after inoculation, focal inflammatory infiltrates had largely resolved. The few remaining were mostly perivascular or peribronchiolar and predominantly lymphocytic. In these cell aggregates, alveolar macrophages were occasionally seen as single, clearly separate cells containing phagocytozed and apparently intact spores. A characteristic feature, however, was the occurrence of phagocytic multinucleate cells (giant cells) showing no delineation of internal cell membranes in sections stained with haematoxylin and eosin. When stained by the methenamine-silver method, giant cells were also seen to contain intact spores (Fig. 5) . The origin of the cells would appear to have been by fusion of a group of individual macrophages. Lung cultures from such material were negative. In 2 of the 8 animals killed at this stage, however, small tumours, sub-pleural in position and too small to be seen at postmortem examination were seen in lung sections. Nine of the 11 animals killed at 6 months had randomly distributed phagocytic giant cells, and 3 retained residual (Fig. 9 ). Cells were basophilic with large nuclei, many in stages of division, with a nucleus/cytoplasm ratio > 1. They were PAS-positive.
The remaining animal of the series had a mixed-cell tumour of Type 1, containing elements of Types A and B and with islands of goblet cells (Fig. 10) . No tumours were found in the 20 control mice killed when 9-10 months old.
Cytotoxicity tests
Ehrlich ascites and HEp 2 cells showed uniformity of reaction during the tests. Intracellular spore extracts and the products of acid hydrolysis of spore walls, were consistently non-toxic, even though the latter are known to be tremorgenic (Blyth, 1978; Blyth & Lloyd, 1971) . Redissolved and dialysed ethanol precipitates from alkaline hydrolysis were highly toxic, the 0-40% and 40-60% extracts being more uniformly so during extractions involving various different batches of spores. All cells were usually dead, and many had detached, by the end of the test period.
Mutagenicity tests
No evidence of mutagenicity was obtained using either intracellular spore extracts or the products of acid hydrolysis of spore walls. All 3 ranges of ethanol precipitation following the alkaline hydro- lysis of the walls, however, showed mutagenic activity, significantly increasing mean numbers of revertants of strains TA98 and TA100 of S. typhimurium. As is shown in Table IL mutaaenic exDression   TABLE II (Blyth, 1978) .
In the absence of an immunological basis S-9 mix S-9 mix for this response, Emanuel et al. (1975) have suggested that the pulmonary dis- affected humans who were serologically unreactive to fungal antigens. It is well known that the clearance of inhaled particulate matter by the lung is largely dependent on the area in which it impacts. In the case of fungal spores, the larger and aerodynamically more complex rarely penetrate beyond the bronchi, whilst those 5-6 um in diameter or less and relatively smooth, gain direct access to the alveoli (Austwick, 1966) . The spores of A. clavatus fall into the latter category, and therefore avoid rapid clearance in the mucociliary escalator. A slower clearance, partly by the lymphatics, then follows phagocytosis, mainly by alveolar macrophages. It has now been shown that apparently intact spores remain within uninucleate and mutinucleate (giant) phagocytes for at least 8 months after their introduction to mouse lung, though their viability has not been established. It has also been shown that, after preliminary alkaline hydrolysis, it is possible to extract potent mutagen(s) by ethanol precipitation from the partially purified spore wall. The same extracts are known to be precipitinogenic and alveolitisinducing (Blyth, 1978) .
The Salmonella mutagenicity test is now widely accepted as an indicator for environmental substances which are likely to be hazardous as carcinogens. Most mutagens are carcinogens and it is thought that the accumulated damage to DNA during the lifetime of a human probably initiates most cancers and the development of genetic defects (McCann & Ames, 1977) . It is of interest that the spore extracts were potent frameshift mutagens, having this property in common with many known aromatic carcinogens, and that they required metabolic activation by mixed liver oxidases for their expression in the test. Although structurally unknown, the active non-dialysable moiety is clearly not an aflatoxin, for these substances are of low molecular weight and dialysable. They are also much less active as carcinogens in mice than in other species. It would appear significant that the pulmonary tumours in mice carrying phagocytozed spores in the lung showed a steady rise in incidence with time from 25% at 2 months to 55.5%0 at 8 months, and that the numbers of tumours per lung rose from 10 to 2-2 during the same period. Most of the tumours were adenomas classifiable into 3 types, one possibly (according to histological criteria) having an origin in bronchiolar epithelium. Alternatively, however, this tumour could have arisen by transformation from an alveolar cell (Type II cell) tumour, as it has been suggested that the mechanism of adenoma formation in the mouse lung results from Type II cell proliferation as a response to a prior Type I cell injury (Witschi & Lock, 1978) . The papillate nature of the tumour could have been an indicator of the early developmental stages of an adenocarcinoma. It is notable that the appearance of all types of tumour, including the lymphomas, was at an age (10 months) at which control mice were tumour-free. It has been reported that CF-1, random-bred mice, although used extensively in assay systems, are less susceptible to chemical carcinogenesis than a number of inbred strains (Whitmore et al., 1974) . Roe (1966) has argued that adenoma formation in the mouse lung may represent a model of extreme sensitivity in detecting carcinogenicity, though considerable differences of opinion on this matter exist.
The mechanisms whereby A. clavatus spores apparently initiate or promote tumour formation are obscure. A primary event of initiation, involving DNA damage must, presumably, occur in view of the presence of mutagens in the spore wall. Whether, during continued retention of spores within phagocytes, the initiator or an additional promoter are subsequently released, perhaps by host enzymatic activity, is a matter for speculation. It is assumed, however, as a result of assays for mutagenesis that metabolic activation must be a prerequisite for the production of the ultimate tumorigen. The roles, if any, of the host inflammatory response and the purely "irritant" presence of retained spores, remain to be investigated. It is well documented that inhalation carcinogenesis, studied over many decades, has, more often than not led to negative findings, partly due to techniques of presentation of test substances and duration of challenge (Laskin & Sellakumar, 1974) . It is assumed that in the present experiments a short inoculation schedule became converted into a long-term exposure due to phagocytosis followed by retention. The latter factor may well prove to be the most significant of all in the chain of events which follow the inhalation of fungal spores by the mammalian lung. As far as the writers are aware, no previous reports involving fungal spores in lung carcinogenesis are available, though extracted aflatoxin has been known to induce adenomas in the mouse lung (Wieder et al., 1968) . The carcinogenicities of most mutagenic mycotoxins have never been established by animal tests and their common environmental occurrence in foods would suggest the need for intensification of research in this field (Sigimura et al., 1977) .
An accurate assessment of human risk based solely on the results of animal experimentation is difficult, if not impossible. Shimkin & Stoner (1975) have emphasized that, as lung tumours in mice are basically alveologenic, a comparison between them and the predominantly bronchogenic tumours of man may be tenuous. When evidence of tumorigenesis is augmented by proof of mutagenicity for the environmental test substance, however, additional weight is given to a plea that a human risk has been identified. Boyland (1980) has argued that; "From the point of view of carcinogenic risk, any factor involved in any stage in the development of neoplasia should be considered hazardous". Rall (1977) observed that laboratory-animal carcinogenicity tests predict well for man. If these conclusions are accepted, the apparently mutagenic and tumorigenic properties of the spores of A. clavatus would give additional emphasis to the necessity, already acknowledged because of the known role of the fungus in extrinsic allergic alveolitis, to avoid inhalation. The isolate of the fungus used in the experiments was cultured from the sputum of a maltworker during a survey of respiratory disease in Scottish maltworkers (Blyth et al., 1977) . A. clavatus was cultured from the environments of 12 of the 56 maltings investigated and from the sputa of 57 of 699 men. In addition, and in further proof of exposure to the fungus, 142 (20%) of 711 men were found to be precipitin-positive for A. clavatus test antigens. It is not known how many sputum-negative or precipitinnegative men had also been exposed.
